INTRODUCTION
The L-type pyruvate kinase (L-PK) gene in rat liver encodes one of the key enzymes in glycolysis. Dietary carbohydrate and insulin induce L-PK gene expression, while glucagon represses it [1, 2] . This pattern of regulation is shared with several other genes encoding enzymes involved in hepatic lipogenesis, including malic enzyme, acetyl-CoA carboxylase and fatty acid synthase (for reviews see [3, 4] ). Based on its response characteristics and tissue distribution, the S,4 gene is also a member of this class [5, 6] . This gene encodes a nuclear protein of unknown physiological significance that is induced rapidly following carbohydrate administration [7, 8] . The induction of lipogenic gene expression following dietary carbohydrate appears to be an adaptive response of the organism to allow it to more effectively convert simple carbohydrates into triglyacylcerols, the preferred form for energy storage.
Regulation of expression of the L-PK gene by carbohydrate, insulin and glucagon occurs at the transcriptional level [1] . Transcriptional induction is also seen with several other members of the lipogenic gene family, including the S14 gene [9] . Although the signal transduction pathway involved in enhanced transcription of L-PK and other lipogenic genes is unknown, indirect evidence suggests that an intracellular signal generated from increased carbohydrate metabolism is responsible for stimulating the expression of these genes (for review see [10] ). Culturing of primary rat hepatocytes in elevated glucose conditions in the presence of insulin mimics the response of the whole animal to a carbohydrate-rich diet [11] . On the other hand, insulin alone is unable to stimulate gene expression in cells cultured in lowglucose conditions. Thus the principal role of insulin appears to introduced into primary hepatocytes. Thus the glucose response does not depend on the rigid phasing of the MLTF-like and HNF-4 factors, suggesting that the factors binding to these two sites do not interact directly with each other. Substitution or inversion of the PK HNF-4 site abrogated the response to glucose and also significantly suppressed the promoter activity under non-inducing conditions. We conclude that the MLTFlike factor and HNF-4 co-operate functionally to maintain the basal activity, as well as the carbohydrate responsiveness, of the L-PK gene. A mechanism other than co-operative DNA binding is responsible for the synergism.
be to stimulate carbohydrate metabolism. Studies on isolated adipocytes and a pancreatic f-cell line suggested that glucose 6-phosphate may be the signal that triggers expression of these genes in response to glucose [12, 13] .
Transient transfection of primary hepatocytes has provided a valuable means to help delineate the critical DNA elements for the regulation of the L-PK gene. A short fragment from the 5'-flanking region of the L-PK gene (-279 to -63) has been found to be sufficient for directing liver-specific expression of a reporter gene in hepatocytes [14] . Thompson and Towle [15] demonstrated that sequences within this region between positions -183 and -96 are necessary and sufficient for supporting a response to elevated glucose in hepatocytes. Vaulont et al. [16] defined three binding sites for hepatic nuclear factors within this segment. The sequences of these binding sites are similar to consensus binding sites for the major late transcription factor (MLTF), hepatic nuclear factor (HNF)-4 and nuclear factor (NF)-1. MLTF and NF-1 are ubiquitous transcription factors, whereas HNF-4 is enriched in the liver. We have since shown that L-PK sequences from -171 to -124, which encompass the MLTF-like and HNF-4-like sites, are crucial for the glucose induction [17] . binds to the PK cognate site and participates in the regulation of the gene [17, 18] . Although MLTF is capable of binding to the PK MLTF-like site, its binding is not capable of supporting the carbohydrate response. Thus another member of the c-myc family distinct from MLTF, or a complex involving MLTF together with additional hepatic factors, may be involved. The factor(s) binding to the MLTF-like site appears to play the primary role in receiving the signal from carbohydrate metabolism. When multiple copies of the MLTF-like site were linked directly to the PK promoter region (-96 to + 12), a 106 Z. Liu and H. C. Towle robust response to glucose was observed [17] [18] [19] . Additionally, the PK MLTF-like site contains a sequence with 9 of 10 bp identity to the regulatory sequences of the S14 gene shown to be critical for carbohydrate regulation. On the other hand, the HNF-4 site could not elicit a response when present as either a single or multiple copies. In the present study, we have explored the mechanism for the synergy between the MLTF-like factor and HNF-4 in the activation of transcription of the L-PK gene by carbohydrate metabolism. In particular, we have asked whether a direct interaction between factors binding to the MLTF-like and HNF-4 sites is critical to the carbohydrate response of the L-PK gene.
MATERIALS AND METHODS
Plasmids PK MLTF/HNF-4/(-96)CAT (where CAT is chloramphenicol acetyltransferase) was generated by ligating the PK MLTF-like oligonucleotide (-171/ -145) to the 5'-end of PK HNF-4/ (-96)CAT [17] by introduction of a Sall site. The resulting construct contains a 10 bp insertion between the PK MLTF-like and HNF-4 sites and is denoted as SP(+ 10). Other mutations altering spacing between the two binding sites were prepared by digesting PK MLTF/HNF-4/(-96)CAT with Sail followed by treatment with mung bean nuclease (Life Technologies, Inc.). The resulting blunt-ends were re-ligated and DNA sequencing was performed to determine the extent of deletion. Alternatively, the 5'-overhanging ends generated by Sall cleavage were filled in with the Klenow fragment of DNA polymerase I (New England BioLab) prior to ligation to generate SP (+ 14) .
To test mutations with altered spacing between MLTF-like and HNF-4 sites in the context of a heterologous promoter, fragments containing PK MLTF-like and HNF-4 sites with various spacing alterations were amplified by PCR from PK promoter constructs using Pfu polymerase (Stratagene). The products were purified and inserted into pSl4(-4316/ -211 I)CAT(An) -290 [20] at the HindIlI site.
Oligonucleotides corresponding to CCAAT enhancer binding protein (C/EBP) and HNF-3 sites were synthesized. They were ligated upstream to PK(-96)CAT and subsequently joined to the PK MLTF-like site, with a Sall site in between (10 bp insertion). PK MLTF/inverted HNF-4/(-96)CAT was generated by fusing the oligonucleotides indicated below with PK(-96)CAT [15] .
Sequences
Sequences of the PK MLTF-like and HNF-4 sites were described previously [17] . The C/EBP site from the mouse transthyretin enhancer between 1.96 and 1.86 kb [21] had the sequence:
The sequence of the HNF-3 site from the human transthyretin promoter (-109/ -86) [22] Gel mobility shift assay Nuclear extracts were prepared by the method of Gorski et al. [23] . The gel shift assay was performed essentially as described [17] , except that the non-specific competitor used in the binding reactions was 100 ,tg/ml sonicated salmon sperm DNA. Fragments with variable spacing between the PK MLTF-like and HNF-4 sites were generated by digestion of the appropriate S14 plasmids with Hindlll followed by agarose gel purification. The resulting products were 5'-end-labelled using the Klenow fragment of DNA polymerase I in the presence of [a-P32]dCTP (du Pont/NEN). The reactions were incubated at 23°C for 30 min and subsequently subjected to electrophoresis on a 4 % nondenaturing polyacrylamide gel in 50 mM Tris, 384 mM glycine and 2 mM EDTA, pH 8.3.
RESULTS
Effects of extracellular matrix components on the response of the L-PK promoter to glucose Previous studies from our laboratory examining the response of hepatocytes to glucose have used cells cultured directly on to plastic dishes. Under these conditions, increased expression of both the endogenous L-PK gene and the exogenous L-PK promoter constructs was observed in response to elevated glucose concentrations [15] . However, a significant variability occurred in the magnitude of the response between different preparations of hepatocytes. In order to try to minimize this variation, we tested the effect of adding extracellular matrix components to the hepatocyte culture. Matrigel is a solubilized basement membrane preparation extracted from the Engelbreth-Holm-Swarm mouse sarcoma, a tumour rich in extracellular matrix proteins. Its major components include laminin, collagen IV, heparan sulphate and proteoglycans. However, Matrigel has been reported to inhibit transfection efficiency [24] . dramatically in the presence of Matrigel, whereas the activity in 10 co-operativity is not a critical factor in binding in vitro. However, since it is not clear whether MLTF is actually involved in the carbohydrate-dependent regulation, despite its avid binding to the PK site in vitro [17, 25] , we turned to functional assays using hepatocytes to assess the potential for co-operativity. Constructs containing the PK MLTF-like and HNF-4 sites with various spacings were linked to the L-PK promoter and transfected into primary hepatocytes. Cells were cultured in either 10 mM lactate or 27.5 mM glucose for 48 h and then assayed for reporter gene activity. Surprisingly, all of the constructs containing these mutations were capable ofresponding to glucose stimulation to a similar degree (Figure 3) . The result was observed in several independent preparations ofhepatocytes. Some variation in the basal level of promoter activity was seen in constructs containing different spacings between the MLTF-like and HNF-4 sites. In these constructs, bases between -124 and -96 of the PK promoter were deleted. This resulted in closer positioning of the MLTF-like and HNF-4 sites to the HNF-I site (-95 to -66) and to the basal promoter. Perhaps this positioning affected the basal promoter activity in these constructs.
To confirm the result that the spacing between the PK MLTFlike and HNF-4 sites was not critical for responsiveness to glucose, we tested these mutations in the context of a different liver-specific promoter. S14 is another gene studied in our laboratory whose expression is stimulated in response to increased carbohydrate metabolism [26, 27] . The carbohydrate response elements of S14 gene lies between -1457 and -1428 [20] . A construct containing an upstream enhancer region (-4316 to -2111) linked to the S14 promoter (-290 to +18) is not capable of supporting a response to glucose. However, insertion of the L-PK segment from -183 to -96 in this construct resulted in a glucose response [20] . Oligonucleotides containing each of the mutations altering the distance between the MLTFlike and HNF-4 sites were inserted into the S14 promoterenhancer context. Consistent with the results observed with the PK promoter, mutations with altered spacing between the MLTF-like and HNF-4 sites retained carbohydrate responsiveness compared with the wild-type spacing (Figure 4 ). In the context of the S14 promoter, there was Oligonucleotides containing the PK MLTF-like and HNF-4 sites with various spacings were fused to S14(-290) in the presence of upstream enhancer region (-4316 to -2111). The constructs were transfected into primary hepatocytes. PK MLTF-like site/S14 represents the construct containing the PK MLTF-like site alone in the context of the S14 promoter [20] . SP(0) denotes the construct containing the natural sequence of the PK MLTF-like and HNF-4 sites.
The S14 ChoRE has been described previously [20] . CAT activities of each construct in lactate (U) or glucose (1) [21, 22] were individually inserted in place of the HNF-4 site in the L-PK promoter. In both cases, the substitutions rendered the constructs unresponsive to glucose ( Figure 5) . Unexpectedly, the promoter activity of these mutants in non-inducing conditions was also significantly suppressed compared with the wild-type sequence in the same context [SP(+ 10)], despite the fact that HNF-3 and C/EBP have been reported to function as positive regulators for several hepatic genes (for review see [28] ). Thus HNF-4 appears to be essential for maintaining the appropriate level of basal activity, as well as for enabling the carbohydrate responsive factor to transmit the signal generated by glucose metabolism. These results are consistent with our previous data from mutational analysis of the L-PK promoter, where we observed decreased basal activity in the mutations disrupting the HNF-4 binding site [17] . ., * -W . . 10). PK MLTF/-96CAT is equivalent to PK(-171/-142)CAT, as described previously [17] . The data shown are representative of three independent experiments.
We next tested whether HNF-4 is solely responsible for maintaining the promoter activity in non-inducing conditions, or whether the MLTF-like site binding factor is also required. As seen in Figure 6 , when the HNF-4 site alone was present in front of PK(-96), both the basal activity and the glucose-stimulated activity were very low, similar to that seen in the PK(-96)CAT construct. This observation indicates that the presence of the HNF-4 site alone was not sufficient to boost the basal promoter activity. The importance of the HNF-4 site was also analysed by preparing a construct in which this site was inverted relative to its native orientation. This alteration completely abolished the activity in both basal and induced states when compared with SP( + 10), the construct with the natural orientation of the HNF-4 site. Taken together, these observations suggest that the role of HNF-4 in the regulation by carbohydrate of the L-PK promoter is specific. inverted relative to the MLTF-like site were transfected into primary hepatocytes and their activities were compared with those of the wild-type sequences. The cells were cultured under conditions described in the legend to Figure 3 . CAT activities of each construct in lactate (a) or glucose (1) [37] . Similar to the case of the L-PK gene, HNF-4 and C/EBPa do not bind DNA co-operatively in vitro. C/EBP proteins belong to a family that possess a DNA binding domain composed of basic region and leucine zipper motifs [38] . Recently Nishiyori et al. [39] reported that functional cooperation between HNF-4 and C/EBP, plays a critical role in the liver-specific activity of the ornithine transcarbamylase enhancer. Our data suggest that the carbohydrate response is mediated by a member of the c-myc family. This family bears structural characteristics of basic/helix-loop-helix/leucine zipper motifs. It is tempting to speculate that a similar mechanism of transcriptional synergy might account for activation of these genes.
Although our data suggest that the factor binding to the MLTF-like site does not interact directly with HNF-4, HNF-4 by itself is not capable of maintaining the basal activity. This was suggested by the suppressed promoter activity under the noninducing conditions observed in the construct containing HNF-4 fused to PK(-96)CAT. Substitution of the HNF-4 site with binding sites for HNF-3 or C/EBP also resulted in low basal activity. Moreover, when the orientation of the HNF-4 site was inverted relative to the MLTF-like site, low activity was found in both basal and induced states. These data indicated that MLTFlike and HNF-4 sites form a functional unit in the PK promoter to support basal activity as well as the response to glucose.
It is perplexing that Bergot et al. [19] reported that insertion of a 14 bp linker between the MLTF-like and HNF-4 sites disrupted the response of the L-PK promoter to glucose. This difference might be due to the fact that this mutation was constructed in the context of the natural sequence; that is, sequences between -123 and -96 were not deleted. This would result in moving the MLTF-like site 14 
